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Electrical processes occurring in the atmosphere couple the atmosphere and ionosphere, because both DC and AC eﬀects operate at
the speed of light. The electrostatic and electromagnetic field changes in global electric circuit arise from thunderstorm, lightning
discharges, and optical emissions in the mesosphere. The precipitation of magnetospheric electrons aﬀects higher latitudes. The
radioactive elements emitted during the earthquakes aﬀect electron density and conductivity in the lower atmosphere. In the
present paper, we have briefly reviewed our present understanding of how these events play a key role in energy transfer from the
lower atmosphere to the ionosphere, which ultimately results in the Earth’s atmosphere-ionosphere coupling.
1. Introduction
The atmosphere of the Earth is a layer of gases surrounding
the Earth that is retained by Earth’s gravity. The atmosphere
protects life on the Earth by absorbing the ultraviolet so-
lar radiation, warming the surface through heat reten-
tion (greenhouse eﬀect), and reducing temperature extremes
between day and night. Based on temperature distribution,
atmosphere is divided into the troposphere, stratosphere,
mesosphere, and thermosphere. The temperature in the
thermosphere remains almost constant (Figure 1) [1]. The
stratosphere and mesosphere regions are also grouped as
the middle atmosphere. The region above the middle atmo-
sphere is called the upper atmosphere where solar radiation
and other sources ionize the neutral constituents forming
plasma of ions and electrons. The region extending from the
mesosphere to the thermosphere is called ionosphere where
plasma dynamics is controlled by the collisions between the
ionized particles and neutrals as well as between the ionized
particles themselves. The region above the ionosphere is
known as the magnetosphere. In this region, charged par-
ticles dynamics is controlled by the Earth’s magnetic field
because the density collision frequency is very low. There is
no sharp boundary between the upper ionosphere and the
lower magnetosphere region.
The ionosphere system is mainly controlled by various
external sources of forcing and number of mechanisms oper-
ative in the system to convert, transport, and redistribute the
input energy. Solar extreme ultraviolet (EUV) radiation and
particle energy from the sun in the form of precipitating solar
wind plasma energetic particle influence from the above,
while tides, planetary waves, gravity waves, electromagnetic
waves in wide frequency range, turbulence, convection,
and so forth from the below. Even processes taking place
below/on/above the surface of the Earth also aﬀect the iono-
sphere and its processes. In fact, lower atmosphere/middle
atmosphere/upper atmosphere (ionosphere)/magnetosphere
acts as a multi-coupled system. The coupling occurs mainly
through the dynamical, chemical, and electrical processes.
The ionosphere reacts to various phenomena such as
lightening discharges, functioning of high-power transmit-
ters, high-power explosion, earthquakes, volcano eruptions,
and typhoons through a chain of interconnected processes in
the lithosphere-atmosphere-ionosphere interaction system.
Thunderstorms play a major role in transferring energy from
the atmosphere to the ionosphere [3] and in establishing
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Figure 1: Variation of temperature, electron density and electrical
conductivity of various atmospheric layers, after [1].
electrical coupling between atmosphere and ionosphere
through the global electric circuit (GEC). The Earth’s surface
has a net negative charge, and there is an equal and opposite
positive charge distributed throughout the atmosphere above
the surface. The electrical structures of the lower atmosphere,
GEC, and conductivity profile shown in Figure 1 are deeply
influenced by cosmic ray flux [4], high-power transmitted
waves [5–7], and earthquakes [8]. Lightening-generated
whistler mode waves scatter radiation belt trapped electrons
which precipitate into the lower ionosphere and result
into the additional ionization and formation of ionospher-
ic inhomogeneities [9, 10]. The powerful high-frequency
transmitted waves produce ionospheric heating which, in
turn, causes generation of ultra-low-frequency (ULF) and
extremely low-frequency (ELF) waves [11], the formation
of very low-frequency (VLF) ducts and other types of
inhomogeneities [12, 13], the acceleration of ions, and the
excitation of atmospheric emissions in diﬀerent spectral
bands [14]. The eﬀects of these processes on the GEC
(including the ionosphere) are not yet fully understood.
The convective activity in thunderstorms produces
gravity waves which propagate to the lower ionosphere
and deposit energy and momentum through the process
of breaking and absorption and may help in the initiation
of sprites and other transient luminous events (TLEs) [15–
17]. The converse problem is the generation of acoustic
gravity waves by sprites and other TLEs. The thermal energy
deposited in the neutral atmosphere within a sprite volume
(∼104 km3) during short (<1ms) duration may produce an
impulsive pressure pulse that propagates laterally outward
as an acoustic/gravity wave [18]. The energy deposited by
a large sprite could be as large as ∼1GJ [19]. The acoustic
gravity wave causes spatial and temporal modulation of
plasma density and electric conductivity in the ionospheric
E layer. The associated wave instability causes generation of
related field-aligned currents and plasma density irregulari-
ties in the upper ionosphere [20]. The satellite observations
anomalous DC electric field, ULF magnetic pulsations, small
scale plasma inhomogeneities, and correlated ELF emissions
[21] may be considered as experimental evidence for these
processes. However, the full knowledge of the interconnec-
tion between gravity waves and TLEs remains unresolved.
The purpose of this paper is to review briefly the present
understanding of the link between most of the processes
operative in the lower atmosphere and their electrodynam-
ic coupling with the ionosphere. After this introduction,
Section 2 deals with a more detailed description of physics
of the atmosphere-ionosphere coupling. Various coupling
processes including AC and DC phenomena are discussed
in Section 3. Brief summary is given in Section 4 with some
discussions.
2. Physics of Earth’s Atmosphere-Ionosphere
(AI) Coupling
Thunderstorms and lightning discharges are the main sour-
ces of electromagnetic and electrostatic energy in the Earth’s
atmosphere. Electrostatics involves the buildup of charge on
the surface of objects due to contact with other surfaces.
Although charge exchange happens whenever any two
charged surfaces contact and separate, the eﬀects of charge
exchange are usually only noticed when at least one of the
surfaces has high resistance to electrical flow. In thunder-
storms, a rapid vertical rearrangement of deep air layers
takes place. Large processes promote, shape vertical and
horizontal air motions, and processes within storms control
the development of rain and strong local winds. Vigorous
vertical air currents and thunderstorms are a consequence of
excessive warmth and moisture at low altitudes.
Thunderstorm consists of a cluster of clouds. Electrical
charges generate and separate during the developmental
stage of thunderstorm and are neutralized during light-
ning discharges. Numerous processes operating within the
environment of a mature convective cloud with varying
eﬀectiveness and time dependencies aﬀect cloud electri-
fication [22, 23]. The charging of thunderstorms can be
discussed as inductive charging or noninductive charging.
An inductive process requires preexisting electric fields to
induce charges on a particle so that when it rebounds
from another particle, charge is separated and the field
is enhanced. In the atmosphere, the fair-weather electric
field resulting from positive charges in the atmosphere
and negative charges on the ground could be considered
as the preexisting field. However, there are experimental
results from airborne instruments which require some
other processes of charging [22]. Noninductive processes
are independent of the presence of an external electric
field. In an ordinary thundercloud, the smaller ice crystals
are charged positively and move upward, whereas larger
graupel particles charged negatively descend relative to the
smaller particles under the action of gravity. This is the
normal situation, depending on the prevailing conditions of
temperature, liquid water content, and mixing in the thun-
derstorm. Situation in thunderstorm is quite variant, and
charging process may not remain as discussed above [24]. To
better understand these phenomena, further investigations
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Figure 2: Depiction of various optical events in the atmosphere and
the altitude at which they occur, credit [2].
involving both precise measurements of time development of
electric field inside the cloud and simulations are required.
The charge buildup during the active period of a thun-
derstorm ultimately results into lightning discharge either
through the processes of dielectric breakdown or runaway
breakdown [29–32]. The electric field computation favours
runaway breakdown mechanism [33]. However, discharge
processes are not fully understood, and further observations
and works are required. Lightning discharge creates charge
imbalance in the cloud/thunderstorm, and as a result upward
propagating quasi-electrostatic field initiates from the upper
charge-layer of thunderstorm. This quasi-electrostatic field
connects troposphere with the stratosphere and the lower
ionosphere for a very short duration. There are about 40 to
100 lightning discharges occurring every second. Apart from
the upward propagating quasi-electrostatic fields, lightning
discharge current generates intense electromagnetic pulses of
∼20GW peak powers [34] whichmay cause significant iono-
spheric disturbances because of the heating and acceleration
of electrons, production of ionization, optical emissions, and
so forth.
The upward propagating quasi-electrostatic causes tran-
sient luminous events (sprites, blue jets/gigantic jets, elves,
etc.) in the stratosphere and the mesosphere which influence
the lower ionosphere with additional ionization and for-
mation of ionospheric inhomogeneities and has motivated
scientists all over the world to reexamine our understanding
of the electrical processes and properties of the atmosphere.
Figure 2 shows the variety of transient luminous events and
the typical altitude at which they occur. Sprites may occur in
cluster of short-lived (∼50ms) two, three, or more carrot-
shaped emissions of ∼1 km thickness over a horizontal
distance of 50–100 km, with the separation between sprite
elements of ∼10 km [2, 35]. The upper portion of the sprites
is red, with wispy, faint blue tendrils extending to 40 km
or at time as low as the cloud top and bright region is
in the altitude range 65–85 km [35]. They typically last for
5–50ms and may take the form of one or more vertical
columns of a few hundred meter radius for the smaller
column sprites or large jellyfish-shaped structures of tens of
kilometers of radius and extending from the ionosphere D-
region almost down to the thunderstorm cloud tops [2, 35].
The knowledge gained from laboratory experiment of gas
discharges at subatmospheric pressure has been used to
understand sprite spectroscopy and associated phenomena
[25]. Figure 3 shows broad identical spectral characteristics
of light of positive column of the laboratory tube and sprites
[25]. The diﬀerence in spectral characteristics may be due
to diﬀerence in applied electric field, gas pressure, and gas
composition in the mesosphere and gas tube discharges.
Physical processes associated with sprites and other optical
events are also associated with thunderstorm activity in the
troposphere and are thought to result in the gradual build-
up of conductivity changes in the lower ionosphere [36].
Liszka [37] suggested the generation of infrasound waves
by sprites, whose signatures were detected by a network
sensors in Sweden [38]. The shape of the chirp signature
in the spectrograms of infrasound can be explained by the
horizontal size of the sprite [39]. Neubert et al. [40] have
concluded that sprite detection by infrared is an attractive
alternative to optical detection, because it is not limited by
clear viewing condition or by the absence of daylight.
Elves are concentric rings of optical emissions propagat-
ing horizontally outwards at the bottom edge of ionosphere
between 75–95 km altitudes caused by the electromagnetic
pulse radiated by the cloud to ground lightning discharge
current of either polarity. Elves produce average electron
density enhancements of 210–460 electrons cm−3 over large
(165–220 km diameter) circular regions having an assumed
10 km altitude extent [41, 42] and hence produce pertur-
bation in electrical conductivity of the mesosphere which
can be evaluated by measuring changes in the amplitude of
VLF waves [43, 44] from transmitters and propagating in
the Earth-ionosphere waveguide. Mika [45] has discussed
experimental data in which the incident VLF transmitter
signal seems to be scattered from horizontally extended
diﬀuse regions of electron density enhancements, most likely
associated with halos or diﬀuse regions of the upper part
of carrot sprites, rather than small-scale streamers observed
at lower altitudes. The electromagnetic pulse (EMP) gener-
ating elves also create ionization [46, 47], which depends
on its intensity. The individual contributions of diﬀerent
components of constituent gas to the optical emissions of
sprite/elves are not known. An attempt should be made to
investigate lightning chemistry and energetics in the region
of sprites/elves. This may require future studies using a large
number of narrow band filters in optical observations and
kinetic modeling in theoretical analyses.
The transient luminous events provide a link between
tropospheric processes in the thunderstorms and meso-
spheric processes in the upper atmosphere, and their studies
also promise to improve our understanding of the elusive
mesosphere, perhaps the least understood layer of Earth’s
atmosphere. Hiraki et al. [48] suggested that sprites may
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Figure 3: Comparison of optical spectra for (a) sprite in the mesosphere and for (b) the positive column of large glow discharge tube, after
[25].
change the concentration of NOx and HOx in the meso-
sphere and lower atmosphere. These chemical changes have
impact on the global cooling or heating in the middle
atmosphere [49–51]. Nitrogen oxides are critical compo-
nents of the troposphere which directly aﬀect the abundance
of ozone and hydroxyl radicals [52]. Ozone absorbs solar
ultraviolet radiation and controls the dynamic balance of
the atmosphere. NOx creates ozone in the troposphere
and destroys it in the stratosphere and mesosphere and
thus aﬀects the climate. This area of investigation remains
unexplored.
Lightning generated whistler mode waves propagate
along geomagnetic field lines without appreciable attenua-
tion and thus connects troposphere with the ionosphere and
the magnetosphere. Whistler mode waves while propagating
through the equatorial region of the magnetosphere interact
with the Earth’s radiation belt trapped electrons and cause
their precipitation in the form of plasma inhomogeneities in
the high-latitude lower ionosphere. Such a type of coupling
has been confirmed in ground-based observations [53],
balloonmeasurements [54], rocket experiments [55, 56], and
satellite observations [57, 58].
Thunderstorms and lightning discharges form the major
current source in GEC, essential features of which are shown
in Figure 4 [26]. Solar wind interactions with the Earth’s
magnetic generate additional current [59], and potential
gradient modulation may arise from coupling of geomag-
netically-induced changes in the magnetospheric dynamo
through the global circuit. Precipitations from electrified
clouds are also current driver [60]. The total current flowing
in the atmospheric GEC is ∼1-2 kA [27]. A realistic model of
equivalent circuit with capacitors, resistors, and switches is
shown in Figure 5 [28]. A switch is closed for a short time
if a certain type of discharge occurs. For example, switch
S2 (S3) closes for ∼1ms when positive (negative) cloud to
ground discharge occurs for a particular storm. The switch
S1 closes for a few ms when a sprite occurs above a particular
thunderstorm and fair-weather time constant, r C ∼ 2min
(r ∼ 200 ohms, C ∼ 0.7 F). Generators act over <1% of
Earth’s surface, and remaining ∼99% of the Earth’s surface
region acts as a load on the circuit. The total current (I) flow-
ing in the circuit is ∼1 kA [28]. The GEC is based on the
concept that the quantity of electric charge has to be con-
served in the Earth’s atmosphere-ionosphere-magnetosphere
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global electric circuits, credit [28].
system, that electric currents redistribute charge and that the
electric currents are continuous.
The power supplied by thunderstorms is insuﬃcient
to maintain a field of magnitude observed in fair-weather
regions. Rycroft et al. [61] included the generator associated
with electrified clouds in the GEC model; this was found
to be of the same magnitude as that due to thunderstorms.
The optical phenomena occurring in the upward branch of
the GEC above the thunderstorms are likely to influence
only the upper atmosphere conductivity. Since they occur
much less frequently (only one sprite out of 200 lightning)
because of their association with intense lightning discharges
[50, 62], their contribution to the ionospheric potential is
very small [61]. The gigantic jets transport large quantities
of negative charge discharging the atmospheric capacitor
[63–66] whose eﬀects on the ionosphere and GEC have not
yet been modeled. The role of sprite/TLE events on the
flow, charging/discharging of GEC, modification of electric
fields near the Earth’s surface remains unanswered. Since
optical emissions could change electrical properties of the
atmosphere and influence processes related with weather and
climate, intense research activity in this area is required.
The earthquakes aﬀect the electrodynamics of the at-
mosphere through the generation of electric and mag-
netic fields with crustal deformation, fault-failure-related
piezomagnetism, stress/conductivity, electrokinetic eﬀects,
charge generation processes, thermal remagnetization, and
demagnetization eﬀects, and so forth [67]. These processes
in the Earth’s lithosphere relate with disturbances in the
atmosphere and ionosphere. Sorokin et al. [8] discussed
the processes forming the electrodynamic model of the
eﬀect of seismic and meteorological phenomena on the
ionosphere. Radioactive substances and charged aerosols
injected into the atmosphere modify the altitude profile of
conductivity, generation of external currents, perturbation
of electric field, and current in the ionospheric layer. As
a result, Joule heating of the ionosphere and instability
of acoustic gravity waves take place, which manifests in
the formation of horizontal inhomogeneities of ionospheric
conductivity. Finally, excitation of plasma density fluctua-
tions and ULF/ELF emissions in the ionosphere, generation
of field aligned currents and plasma layers, upward plasma
transport, and modification of F2-layer, and change in the
ion composition of the upper ionosphere take place [68, 69].
These changes may also aﬀect the GEC and the Earth’s
climate which remains a challenging problem to be solved.
Figure 6 shows a schematic diagram which can be used to
6 International Journal of Geophysics
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Figure 6: Schematic model used for the calculation of elec-
tric field due to the injection of charged aerosols in the
atmosphere-ionosphere circuit. 1—Earth’s surface, 2—ionosphere,
3—conducting current in the atmosphere and the ionosphere, 4—
field-aligned current, 5—zone of upward convection of charged
aerosols and external electric current formation, 6—zone of
perturbation of atmospheric conductivity induced by radioactive
elements emanation, 7—charged aerosols moving upward with soil
gases, 8—radioactive elements emanation, credit [3].
compute external currents and enhancement of electrical
conductivity in the lower atmosphere that causes an increase
in the electric field in the ionosphere due to the injection
of charged aerosols and radioactive elements from the solid
Earth during earthquakes [3].
There are some other complex processes showing mul-
tiple scales of variability. Turbulent mixing and eddy dif-
fusion are few other ways of transport from below. They
control the relative abundances of atmospheric species in
the mesosphere whose distribution tends to be independent
of altitude. As part of a physical mechanism, the influence
of internal atmospheric waves may be considered. The up-
ward propagation of internal atmospheric waves (planetary
waves, tides, and gravity waves) from the troposphere and
stratosphere is an essential source of energy and momentum
for the thermosphere and ionosphere. Weaker mesospheric
gravity waves will lead to stronger winds in the upper
atmosphere, which in turn will aﬀect the ability of planetary
waves to propagate, producing an additional feedback route
[70]. Of course, the study of internal waves is the province
of meteorology, a discipline that has enjoyed a long and
independent development of its own and has its own com-
plicated problems, suﬃciently diﬀerent from ionospheric
physics that the two are regarded as separate but neigh-
bouring disciplines. However, the internal waves launched by
weather fronts or any other sources in the troposphere and
stratosphere sometimes appear to be capable of penetrating
into the ionosphere, where they dissipate most of their
energy. The leakage of wave energy from the troposphere
and stratosphere at least up to 100–115 kmwas introduced as
coupling from below [71] and is considered as a mechanism
of the meteorological influence on the ionosphere.
3. Various Coupling Processes
Thunderstorms directly couple the atmosphere and the ion-
osphere. Potential diﬀerence between the ionosphere and
the Earth is maintained by thunderstorms’ pumping action
of lightning discharges and electrified clouds. In the Earth-
ionosphere cavity, the electric field and the conduction
current in the lower atmosphere are primarily controlled
by ions. Ions have the characteristic parameters such as
mobility, lifetime, and generation rate that vary with altitude.
In recent years, some progress has been made towards
understanding thunderstorm and lightning [22, 72, 73]. The
essential factors in marinating the lightning discharge is the
gas breakdown caused by the stored electrostatic charge in
the leader head. This extends the channel into new regions.
General models of the cloud charge distribution are based
on electric field measurements inside a thundercloud and on
the ground below the thunderstorm [75]. Earlier, an over-
simplified tripolar charge structure consisting of a negative
charge in the middle of the cloud, a positive charge above it,
and a smaller positive charge below were widely used. Later
on, a screening negative charge on the upper cloud boundary
was considered [76] which are depicted in Figure 7. In the
convective updraft zone of a matured thunderstorm, usually
four charge layers are found and outside updraft convection
region at least six charge layers are seen. Forward and
rearward anvils typically contain positive charges screened
with negatively charged layers. However, this model does
not represent super cell storms which usually have dominant
positive charge at mid-levels in place of the typical main
negative charge region [77], that is, super cell storms have
“inverted polarity” charge structure, and they produce main-
ly positive cloud-to-ground lightning. The proposed model
(Figure 7) is based on balloon soundings of convective region
of storms that occurred in a limited portion of the lowermid-
latitudes. Its validity for storms in othermid-latitude regions,
the tropics, and high latitudes are yet to be tested because of
scarce in situ data.
The global electric circuit (GEC) links the electric field
and current flowing in the lower atmosphere, ionosphere,
and magnetosphere forming a giant spherical condenser
[50, 59, 78], which is charged by thunderstorms and other
generators to a potential of several hundred thousand volts
[79] and drives a vertical current through the fair weather
atmosphere’s columnar resistance (∼1.3 × 1017 ohmm−2).
Recently, Stolzenburg et al. [30] examined electric field data
of 32 balloon soundings throughMCS (mesoscale convective
system) stratiform regions and inferred that for 15 cases the
stratiform cloud was charging the GEC, while in the other
17 cases the cloud was discharging the circuit. Thus, the
overall eﬀect of MCS on GEC could be very large or very
small. Davydenko et al. [80] modeled the quasi-electrostatic
electric fields and currents inside and near an isolated MCS
producing positive discharges and also sprites and showed
that the large (∼25A) cloud-to-ground, quasi-DC current
discharges the GEC. Their full impact on the GEC and that
of the positive cloud-to-ground flashes which they initiate
remains to be quantified. The vertical current causes weak
electrification of stratified clouds [81] and produces a vertical
International Journal of Geophysics 7
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Figure 7: Conceptual model of the charge structure within an idealized isolated, mature thunderstorm based on 49 balloon sounding
through diﬀerent clouds, credit [22, 76].
potential gradient in the atmosphere near the Earth’s surface.
The circuit is closed by a horizontal current flowing through
the highly conducting Earth and the ionosphere, and by
vertical currents from the ground into the thunderstorm and
from the top of the thunderstorm to the ionosphere.
3.1. AC Phenomena. Thunderstorm is the main source of
both AC and DC coupling of the lower atmosphere and
the ionosphere through lightning discharges. Return stroke
of lightning discharge produces a pulse of radio energy
containing waves from a few Hz up to several MHz.
These signals propagate in the Earth-ionosphere wave guide
over long distances (several thousand kms).The lowest
frequencies of the discharge spectrum are ELF (3–3000Hz)
waves which excite the Earth-ionosphere cavity at 8, 14,
20, 26,. . .Hz, commonly known as Schumann resonances
[82]. Resonances are being continuously excited because
lightening is always occurring all over the world. Recent
interest in Schumann resonance studies arose because the
charge movement change (CMC) of the parent lightening
discharge can be evaluated by measuring the contribution
of each mode in the resonance pattern which has been
used in TLEs studies [83–85]. Thus, coupling between the
atmosphere near the surface of the Earth and the ionosphere
can be studied on the time scale ranging from a fraction of
second to less than 1 μs.
Some of the wave energy from lightning generated wave
spectra propagates into the ionosphere and magnetosphere
system, where it interacts with ambient plasma particles and
aﬀects the global ionospheric/magnetospheric energy bud-
get. Waves in the very-low-frequency (VLF, 3–30 kHz) range
propagate in the ducted mode along the geomagnetic field
lines [86] and cause magnetospheric electron precipitation
into the lower ionosphere, leading to D-region conductivity
modification [87, 88]. Unducted VLF wave propagation can
also take place [89]. Precipitating charged particles may
participate in dissociation and ionization processes. There
are VLF signatures of ionospheric disturbances associated
with sprites [29, 43, 90, 91].
Hydromagnetic waves in the ultra-low-frequency (ULF,
<3Hz) propagate through the magnetosphere in one of
several diﬀerent modes at speeds considerably less than the
speed of light. These waves interact with the ions in the
ionosphere and magnetosphere. ULF waves sometimes are
called magnetospheric analogues of seismic waves, which
enable remote sensing of volumes from point measurements
[92]. Waves in the frequency range ∼0.1–5Hz also excite
the ionospheric Alfven resonator (IAR) [93, 94] which is
centered on the maximum of the ionospheric F2-region
where the refractive index for Alfven waves has a maximum
value. The variation of spectral resonance structure of the
IAR over a solar cycle has also been studied [95]. The
boundaries of IAR are at ∼1000 km altitude in the topside
ionosphere and in the E-region ionosphere.
The ULF-VLF electric fields were detected up to topside
ionosphere over powerful Pacific Ocean typhoons [96].
However, details of the mechanisms are not yet known.
Ionospheric heating due to lightning electromagnetic pulses
was considered and modeled [97, 98]. Large amplitude radio
waves from ground-based transmitters at VLF [99] and
high frequency (HF, 3–30MHz) [100] have been used to
study ionospheric heating and modification. The associated
phenomena include perturbations of electron density and
temperature (increase of ionization at E-region, E-sporadic
occurrence, increase of temperature, and electron density in
F-region), excitation of electrostatic wave turbulence, and
enhanced optical emissions.
The heating of the lower thermosphere by lightening-
generated electromagnetic pulses may result into electrical
breakdown and production of sprites and other optical
emissions [101, 102]. The more exotic relativistic runaway
(avalanche) breakdown mechanism, which can produce
bremsstrahlung and gamma-rays radiations, has also been
proposed and discussed [31, 103, 104]. Rowland [47] had
reviewed bothmechanisms. The two processes are coupled in
the sprite streamer: the thermal discharge produces a beam
of relativistic seed electrons that allow ignition of runaway
relativistic discharge [105]. The thundercloud electric field at
the lower thermosphere altitude is very transient, ∼1–10ms,
consequently the observed sprite and halo phenomena
are also of transient nature. The conventional breakdown
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mechanism explains most observations of sprites and their
associated phenomena. Gerken and Inan [106] indicated
that relatively faint and diﬀuse sprites confined to lower
altitude could be associated with very high-peak currents
and short-duration lightning discharges. Adachi et al. [107]
reported that the number of columns in a sprite event
was proportional to the peak current intensity of positive
cloud-to-ground discharges, which was not corroborated by
the results of van der Velde et al. [108]. This suggests a
complex relationship between sprite morphology and in-
cloud lightning processes, which are not yet fully understood.
Streamers associated with sprites are needle-shaped
filaments of ionization and are driven by enhanced electric
fields due to charge separation in their head, and the sign
of the charge in head determines polarity of streamers. Liu
and Pasko [109] have modeled preionization ahead of the
streamer by ionizing ultraviolet photon originating in the
streamer head. Thus, they consider photo ionization to be
important in determining the propagation and branching
of sprite streamer. The presence of inhomogeneities in the
background density could also be helpful in the formation
of streamers [110]. They have also explained the polarity
asymmetry in triggering sprite streamer. Blue jets sometimes
appear at the top of an energetic thundercloud and propa-
gating upwards with a vertical velocity of ∼100 km s−1 to a
maximum altitude of ∼40 km or so. These are believed to be
a positive streamer formed in the upward quasi-electrostatic
field above the cloud [63, 101]. Many streamers originate
from the surface of the leader head (both positive and
negative).
Pasko and George [111] have modeled the branching
streamers as fractal tree growing in three dimensions. Pasko
et al. [112] reported an unusual blue jet above a relatively
small thunderstorm cell in Puerto Rico, and propagating up
to∼70 km altitude. Its characteristics above 42 km resembled
those of sprites but having longer duration. This shows
that an electrical contact was made between the top of
the thunderstorm and the lower ionosphere. Gigantic jets
extend from the cloud top to the ionosphere at 90 km
altitude and can last up to ∼0.8 sec [64, 113–115]. The
observed gigantic jets were of negative polarity, produced
by a normally electrified storm and therefore resembled to
negative cloud-to-ionosphere discharges. Out of five gigantic
jets, four events were found to be associated with ELF radio
waves, while no cloud-to-ground lightning was observed
to trigger these waves. This indicates that ELF waves were
generated by negative cloud-to-ionosphere discharges. Each
event reduces the ionospheric potential by removing 30
coulombs from the ionosphere [64], and their eﬀect needs
to be included in the GEC model.
3.2. DC Phenomena. In the atmospheric GEC, thunder-
storms are thought to act as a giant battery distributed over
the globe causing electric potentials up to ±100MeV [74,
116], which are discharged in short (∼1ms) time scales
by cloud-to-ground or intracloud lightning. Even upward
discharges like gigantic jets also discharge the GEC. Such
large potentials could produce energetic photons, X-rays
[117], and even gamma rays [118], which are absorbed in
Earth
ionosphere (∼70–90 km)
Changed
conductivity
Transmitter Receiver
“VLF perturbation”
Lower
Figure 8: Diagram showing how the bottom side ionosphere and
the mesosphere above a thunderstorm are probed by ground based
transmitter, credit [40].
the short distance in the lower atmosphere but could travel
appreciable distance before being absorbed in themiddle and
upper atmosphere.
The inherent current sources [119, 120] in the meso-
sphere may generate large DC electric fields in the 50–70 km
region [121], which has been observed via rocket measure-
ments [122, 123] and remotely via a series of MF radar mea-
surements [124–127]. The large DC electric fields increase
the electron temperature and eﬀective collision frequency in
D-region. The enhanced electron temperature over neutral
temperature violates the local thermodynamic equilibrium.
During the tropospheric disturbances, tropospheric con-
ductivity increases and the electrical coupling between the
troposphere and the mesosphere results in grounding the
mesospheric current source and in a significant decrease in
the intensity of large mesospheric electric fields. The electron
temperature and eﬀective collision frequency decrease, which
results into the D-region cooling [128, 129].
The upward electric currents associated with the charge
separation process for a single active thunderstorm are ∼1A.
Assuming ∼1000 thunderstorms operate at a time over
the entire globe, there is an upward current of ∼1000A.
Theses currents charge the highly conducting ionosphere
(∼80 km altitude) to a potential of ∼250 kV with respect
to the Earth. The total charge on the plates of the Earth-
ionosphere capacitor is ∼2 × 105 C [59]. The electric
currents (∼2 pAm−2) flowing from the ionosphere to the
Earth’s surface remote from thunderstorms depend on the
electrical conductivity of the medium. The conductivity may
change due to the incident flux of cosmic rays, precipitation
of energetic charged particles from the magnetosphere,
changes in aerosol distribution, changes in the pressure, and
the temperature distribution in the troposphere. The upward
quasi-electrostatic fields also change the atmospheric/lower
ionospheric conductivity. Figure 8 shows the measuring
principles of the change in the electrical conductivity above
thunderstorms in the mesosphere and the lower iono-
sphere by measuring changes in the amplitudes of signals
radiating from narrow band radio transmitters passing
over thunderstorms region [40]. Global warming aﬀects
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distribution of aerosol, temperature, and concentration of
gases in the troposphere and stratosphere and hencemodifies
the dynamics of the lower and the middle atmosphere
[130]. These changes result into changes in thunderstorm
and lightening properties. It would be interesting to study
the changes produced in the GEC by the global warming
phenomena.
In the study of electrical coupling of the atmosphere and
the ionosphere, the latter is considered to be equipotential
surface, which is not exactly true. During very active auroral
conditions, the potential diﬀerence across the narrow (1◦
or 2◦ wide) auroral electrojet region may become ∼100 kV.
Even ionospheric dynamos may create potential diﬀerences
of∼15–20 kV between low andmidlatitudes. These potential
diﬀerences contradict the concept of the ionosphere as
an equipotential surface. Ogawa et al. [131] have studied
the variation of horizontal electric field in the middle
atmosphere. The issue of equipotential further complicates
because spatial and temporal variations of these potentials
have a variety of scale lengths and various time scales. Intense
atmospheric disturbances caused by earthquakes, volcanoes,
tropical storms, typhoons, and so forth also aﬀect electrical
properties of the lower ionosphere. Some definite progresses
in experimental and theoretical studies of man-made and
natural eﬀects on the ionosphere have been recently made
[3]. However, there is significant gap in the understanding of
an origin and interconnection of many processes involved in
the atmosphere-ionosphere coupling.
4. Summary
The electrodynamic coupling between the Earth’s atmo-
sphere and the ionosphere is very complex and described by
the global electric circuit. Currently, many aspects are not
well understood. Recent measurements show that coupling
influences both the electron density and electrical conduc-
tivity. Thunderstorms are the main generators situated in
the troposphere. Measurements and theoretical studies have
led to some understanding of charging mechanisms and
charge structures of thunderstorms, however various aspects
remain unanswered. Thunderstorms are large, complex,
and short-lived phenomena; the charge generation and
separation mechanism and charge structure are not known,
and it is diﬃcult to model them. The electrical processes
are intimately related to the cloud dynamics or motions and
to the microphysics of the clouds which are incompletely
known or understood. Their detailed comprehension is es-
sential as it controls climate and its variability. For proper
understanding, it is essential to make simultaneous mea-
surements of electric parameters from diﬀerent parts of
thunderstorms at small time intervals.
The role of transient luminous events on the local
ionospheric potentials, modification of the electric field near
the Earth’s surface, and charging/discharging of GEC are yet
to be quantified. Even there is dispute about the breakdown
mechanism involved in the mesospheric discharges generat-
ing sprites, blue jets, elves, and so forth. Lightning-generated
whistler mode waves cause precipitation of Van Allen belt
electrons which modify D-region conductivity. The relative
importance of diﬀerent types of whistler mode waves is not
known.
The generation of transient mesospheric electric field
needs detailed study as it provides a basis for develop-
ing coupled troposphere-mesosphere-ionosphere electrody-
namic models under disturbed conditions. In fact, numerous
phenomena that occur in the upper atmosphere of the Earth
are caused by the sources located in the lower atmosphere
and on the ground such as thunderstorms, typhoons, dust
storms, earthquakes, volcanic eruptions, and radioactive
emissions from the nuclear power plants. All these phe-
nomena aﬀect the electrical conductivity from the Earth’s
surface to the lower ionosphere. Variation of conductivity
and external current in the lower atmosphere lead to the
perturbation of electric current flowing in the GEC and to
the associated DC electric field perturbations both on the
Earth’s surface and in the ionosphere and hence aﬀect the
electrodynamic coupling of the Earth’s atmosphere and the
ionosphere.
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